Unlike some harpacticoid and cyclopoid copepods, calanoid copepods are considered unable to enhance their highly unsaturated fatty acid (HUFA) profile in sufficient quantities if at all. This study demonstrates the capability of significant HUFA enhancements in the calanoid Pseudodiaptomus annandalei when cultured on Tetraselmis chuii, a relatively HUFA poor microalgae. A 48 h growth trial using newly spawned nauplii revealed adequate daily specific growth (0.31 ± 0.06 d ) when fed T. chuii. Another seven day trial was conducted where nauplii were cultured to adult stage while fed T. chuii. Fatty acids profiles were analysed in P. annandalei adults and next generation nauplii, which were then compared to the fatty acid profile in algal feed. Abundances of C20:2n−6, C20:3n−3 and C22:6n−3 were observed in the copepods but never in the algal feed. Copepod C22:6n−3 contents were 4-8 mg g −1 dry weight, which is comparable to what has been observed in traditional live feeds. As P. annandalei tend to dominate habitats with changing food quality, the food environment may act as a selective force on the organism's ability to enhance its HUFA profile, irrespective of taxonomic order. Hence P. annandalei demonstrates good potential as nutritious live feed in extensive aquaculture.
I N T R O D U C T I O N
Aquaculture has become the fastest growing means of animal food production globally (FAO, 2016) , and has developed the common practice of oil enrichment of fish feeds in order to grow commercially important fish species (Dhert, 1996) . Discussions on sustainability issues in aquaculture by using ocean resources for fish feeds in, e.g. Naylor et al. (2000) have prompted efforts aimed at substituting fish oils with plant based oils as feed enrichment (Nasopoulou and Zabetakis, 2012) . These efforts mainly concern feeds for juvenile fish and onwards, whereas live feed for fish larvae still receives enrichments based mainly on fish oils as the quantities needed are relatively small. Nevertheless, the increase in cost of fish oils from around 500 to above 2000 USD ton −1 between 2003 and 2013 (FAO, 2016 indicate potential supply issues in the future. Finding alternatives to traditional live feeds that do not need fish oil enrichments would help wean aquaculture off its reliance on ocean resources. The most typical live feed subjects in current use are rotifers and Artemia nauplii, which are both nonmarine zooplankters that do not possess a highly unsaturated fatty acid (HUFA) profile that favours optimal marine fish larvae development (Sargent et al., 1997 ). An alternative would be the use of copepods, which are distributed widely the world over and play a central role in most marine food webs (Mauchline, 1998) . Copepods, and in particular calanoid copepods, act as a natural food source for most marine fish larvae, whereas within the ever expanding field of aquaculture, copepods see limited use in favour of other less suitable but easily cultured live feed organisms. When fed to fish larvae they provide good growth and survival performance due largely to the copepods favourable fatty acid (FA) profile that includes essential FAs Toledo et al., 1999; Shields, 2001; Wilcox et al., 2006) .
The contents of HUFAs found in copepods are largely a reflection of their diets. An exception to this can be made for organisms from the copepod orders harpacticoida and cyclopoida (Norsker and Støttrup, 1994; Desvilettes et al., 1997; Nanton and Castell, 1998; Lee et al., 2006) . As harpacticoids tend to inhabit detritus dominated environments, it has been argued that elongation and desaturation of FAs is more expressed in harpacticoids as their bottom-dwelling occurrence would force them into a HUFA poor diet (Anderson and Pond, 2000) . On the other hand, elongation and desaturation to HUFAs in other taxonomic copepod orders such as calanoids has been described by some authors as either negligibly insufficient or non-existent (Dalsgaard et al. 2003; Monroig et al. 2013) , and is even viewed as controversial by some authors (Kleppel et al., 2005) . The calanoid copepod species Pseudodiaptomus sp. shares similar behavioural characteristics as harpacticoids in terms of a pronounced diurnal migration in the water column, as they spend much of the daytime associated with the sediment (Jacoby and Greenwood, 1988; Blanda et al., 2015) . Hence Pseudodiaptomus may also be accustomed to poor quality diets near the sediment. This is particularly apparent for Pseudodiaptomus annandalei, as it has shown good nutritional characteristics even when cultured in aquaculture ponds where the FA quality in the seston (food particles) is not always favourable . In these open pond systems, P. annandalei still managed to have very high relative abundances of C22:6n−3 (DHA) of up to 26% even when DHA in their feed was as low as 3% of total FAs . This demonstrates that P. annandalei may not be as dependent on the FA profile in its diet as other zooplankton, i.e. rotifers and Artemia in terms of acquiring adequate amounts of DHA. This also holds true for the harpacticoid copepod Tisbe holothuriae (Norsker and Støttrup, 1994 ) that has demonstrated self-enhancements to its HUFA profile. Alongside P. annandalei, the cyclopoid Apocyclops royi was also found in relevant abundances in the same pond systems . It was assumed that this cyclopoid also can enhance its HUFA profile as shown for other cyclopoids (Desvilettes et al., 1997; Lee et al., 2006) , which in a recent ongoing study has shown to be the case (Y.J. Pan, Station Marine de Wimereux, personal communication). Therefore, FA elongation and desaturation may be seen specifically as a selective force in shaping the composition of zooplankton assemblages in environments of low quality feed. We hypothesize that P. annandalei has the same characteristics of enhancing the HUFA profile similar to that of harpacticoids.
The present study aims to demonstrate how a calanoid copepod found in a HUFA poor habitat can manage to grow and enhance its FA profile in a controlled food environment. This was done by feeding P. annandalei copepods a mono-diet of HUFA poor microalgae with particular regards to DHA. A feeding trial in the laboratory was conducted for evaluating P. annandalei copepods.
M E T H O D
The chlorophyte Tetraselmis chuii was chosen as algae feed due to its poor DHA content, and stock cultures of P. annandalei were managed for three months while fed T. chuii for the whole duration to ensure that the organisms had fully adapted to the diet. Early nauplii were harvested from the cultures and their growth performances were observed by estimating the initial and final biomass of the nauplii during incubation while being fed T. chuii. The FA profiles in the copepods and microalgae feed were determined by creating new copepod cultures in order to ensure no contamination from other potential plankton. This was achieved by harvesting early nauplii from the stock cultures and transferring them to the new cultures containing filtered seawater, and the nauplii were grown to adult stage over the course of seven days while adding a daily dose of T. chuii as feed in excess. Algae and copepod samples from the cultures were taken, and their FA profiles analysed. The seawater used for the experiments was provided by the National Museum of Marine Science and Technology, Keelung City, TW. Chemicals and utilities were provided by Sigma Aldrich A/S, DK and VWR International, DK.
Growth of Pseudodiaptomus annandalei on Tetraselmis chuii
A growth experiment on P. annandalei nauplii while fed the micro alga T. chuii exclusively was carried out at the Institute of Marine Biology, National Taiwan Ocean University, Taiwan (NTOU). Stock cultures of P. annandalei were maintained for several months with an everyday addition of T. chuii algae as copepod feed. Pseudodiaptomus annandalei copepods for culture start-up were supplied by pond managers near Donggang, Southern Taiwan, and T. chuii algae were supplied by the Tungkang Biotechnology Research Center, Taiwan. The microalgae were grown in autoclaved GF/F (Whatman) filtered seawater at salinity 32 enriched with Walne's medium (prepared by following Walne, 1970) .
Pseudodiaptomus annandalei nauplii were harvested from our continuous culture with a 100 μm mesh screen and transferred to a 500 ml bottle containing GF/F filtered diluted seawater (20 ppt) while equipped with a kipautomate (NS 29.2/32; Buch & Holm, Witeg, Germany). And 10 ml subsamples were transferred to three petridishes and the nauplii within were euthanized by drops of 1% acid Lugol's iodine. The nauplii were counted using a dissecting microscope at 20× magnification and a mean subsample count was determined (±6% SD). The microscope was equipped with an ocular micrometre and nauplii body-length measurements were also conducted (±12% SD for individual body lengths). Subsamples from the 500 ml bottle were thereafter transferred to 2 L glass beakers containing 0.9 L GF/F filtered diluted seawater (20 ppt). Four replicates (beakers) were made with an estimated nauplii count of around 680 individuals per beaker. Then 100 ml of dense T. chuii solution was added to each beaker, which corresponded to approximately 13 μg chlorophyll (Chl) L −1
. The Chl was estimated by extraction in 96% EtOH and analysed on a Hitachi U-5100 spectrophotometer following Holm-Hansen and Riemann (1978) . The beakers were placed in a Memmert incubator set to 26°C while simulating a day-night light cycle (12 h/12 h). The experiment was terminated after 48 h and the nauplii in each beaker were collected by using a 52 μm mesh screen and transferred to petri-dishes where they were euthanized by drops of 1% acid Lugol's iodine. The nauplii were counted and their final body lengths measured as described above. The body lengths were converted to specific carbon by applying a body length to carbon regression determined in Rayner et al. (2015) . A daily specific carbon growth rate was determined by applying the estimated specific carbon values to a logarithmic growth equation: GR = ln(C T48 /C T0 )/d where C T48 and C T0 are carbon values at experiment termination and initiation, respectively, and d is the number of days the experiment ran for.
FA sample preparation
The laboratory experiment on the FA profile in P. annandalei while being fed T. chuii in excess was carried out at NTOU. Original copepod cultures was screened for nauplii by using a 100 μm mesh and subsequently transferred to new 20 L cultures (around 10 000 nauplii per culture) containing GF/F filtered 20 ppt diluted seawater. Applying the resulting growth rate from the previous experiment, a development time of 7 days until adulthood was estimated. The cultures were added T. chuii in excess and kept in an incubator for a 7-day growth period at 26°C. A total of four cultures were made.
FA samples of the culture suspension were taken after the nauplii and microalgae were added to the culture containers in order to monitor the FA availability for the copepods as well as ensuring that no DHA contamination was present. This was achieved by screening a fraction of the culture water with a 40 μm mesh in order to separate the copepods. The screened water was placed onto GF/F filters by suction and placed into cryo-tubes and then frozen to −80°C for later FA analysis. The sampled culture water was thereafter replaced by adding GF/F filtered diluted seawater (20 ppt) with a dense T. chuii algal content, which would ensure that the copepods were not food limited. After 7 days, where the nauplii have grown to copepodites/adults, the cultures were screened using a 100 and 200 μm mesh, and the copepods as well as a new generation of nauplii were transferred into 20 ppt GF/F filtrated water. The number of screened copepods and nauplii were estimated by sequentially subsampling 10 ml by kip-automate to three or four different petri-dishes. The subsamples were counted and body lengths measured under a dissection microscope as described previously. Biomass determination was done as described previously by body-length to carbon regression. Dry weight (DW) was also estimated by applying a carbon to DW conversion factor of 0.447 provided in Båmstedt (1986) . The copepods and nauplii were thereafter transferred in a known quantity onto GF/F filters by suction, which were later placed into cryo-tubes and stored at −80°C for later FA analysis. Around 200 adults and 1000-2000 nauplii were added to each filter sample, which made analytical replication for each culture replicate possible (3-12 samples). Samples of adult P. annandalei were also taken from the original stock cultures by screening the culture water with a 200 μm mesh. The copepods were subsequently transferred onto 3 GF/F filters, which were then placed into cryo-vials for storage. All samples were transported to Roskilde University, DK, on dry-ice for FA analysis.
FA analysis
Lipid extraction was done based on the procedure proposed by Folch et al. (1957) and the analysis of FAs was performed based on Drillet et al. (2006) . The samples were extracted in 2 ml of a 2/1 mixture of chloroform/ methanol. A C23:0 FA methyl ester (FAME) internal standard (20 μg) was added to each sample and the samples were left for 24 h at −18°C. The samples were then transferred to GC vials and the extraction mixture evaporated by a stream of N 2 at 60°C using a heating block. The lipid extracts were then transesterified into FAMEs by acid reaction in a 2 mL methanol/toluene/ acetyl chloride (22/28/5) solution. After the samples were heated to 95°C for 2 h, purification of the FA samples was done by adding 1 mL 5% aqueous NaHCO 3.
The top phase was transferred to new vials and the remaining bottom phase was washed twice using 1 mL heptane. The extracted samples were then measured on an Agilent GC 6890 N connected to an Agilent Mass Selective Detector (MS) 5975, where the sample FAMEs were separated using an Agilent J&W DB23 column of 0.25 mm Ø and 0.25 μm in film thickness. Positive electron ionization at 70 eV was selected and helium was applied as carrying gas at 1 ml min −1 . Splitless injection was selected. Oven temperature at initiation was at 50°C and increased at a rate of 25°C min −1 until reaching 200°C where it was held for 10 min followed by an increase to 250°C at a rate of 5°C min −1 . The FAME specific ions 55, 74, 79 and 81 were selected for single ion monitoring scan. All peaks detected were measured against a standard Supelco 37 Component FAME mix (PA, USA) with C18:4n−3 (BioNordika, DK) added to the mix.
Statistical analysis and FA group definitions
Variables among more than two groups were tested for significant differences by one-way ANOVA followed by the Holm-Sidak method for pair-wise multiple comparisons. In cases where normality or equal variances were not met, One-Way ANOVA on Ranks was used followed by Dunn's method for pair-wise multiple comparisons. All tests used a significance level of 0.05. Statistical analyses were done using SigmaPlot 12.3 software package for Microsoft Windows. Mean values in the text are presented with standard deviation.
The FA findings are presented in the Results section and the relevant FAs have been placed into the two categories, being short chain polyunsaturated FAs (SC-PUFA) and HUFAs. SC-PUFAs are defined, in this case, by having carbon chains lengths of maximum 18 with a degree of unsaturation of more than one double bond. HUFAs are defined by having carbon chains lengths of 20 carbons or longer with a degree of unsaturation of three double bonds or more.
R E S U L T S
Observations revealed that P. annandalei nauplii exhibited sufficient growth in order for half of the sample population to metamorphose into copepodites as well as having a daily specific carbon growth rate of 0.31, resulting in almost a doubling in somatic specific biomass over a 48-h period (Fig. 1) .
Algae and copepods samples from the cultures were made for FA analysis, and revealed FA contents in adult P. annandalei of 348.0 ± 70.7 mg FA g −1 C and 123.3 ± 36.7 mg FA g −1 C in the new generation of nauplii, which translates into 16 and 6% of their DW, respectively. Overall, SC-PUFAs had a decreasing trend between microalgae feed, adults and nauplii, resulting in a significant difference between the algae and copepod nauplii ( Fig. 2A) . The adults and nauplii possessed a relative abundance of HUFAs that were significantly higher than that of their prey with a relative mean abundance of more than 13% higher in the copepods Fig. 2 . Fatty acid profiles observed in the culture particle suspension (Tetraselmis chuii) as well as in adults and nauplii of the calanoid copepod Pseudodiaptomus annandalei. (A) Abundance (%) of short chained polyunsaturated fatty acids (SC-PUFA) and highly unsaturated fatty acids (HUFA). (B) Abundance (%) of specific fatty acids. Fatty acids marked with an asterisk (*) represent fatty acids not observed in the algal diet. Error-bars represent mean standard deviation (n = 4). Columns assigned different letters indicate significant differences (P < 0.05).
( Fig. 2A) . The respective average HUFA contents in P. annandalei adults and nauplii were around 43 and 19 mg g −1 DW. The FA composition in P. annandalei adults and nauplii was dominated by FAs C16:0, C18:2n−6, C18:3n−3 and C20:5n−3 (EPA), as was the case for the microalgae prey T. chuii (Fig. 2B) . On further inspection, the FAs C20:2n−6 (EDE), C20:3n−3 (ETE) and DHA were observed in P. annandalei whereas they were absent in the algal feed. Relative abundances of EDE, ETE and DHA were significant in adult P. annandalei (1.4, 3.3 and 5.4%, respectively) whereas ETE and DHA were observed in significant abundances in the nauplii (3.1 and 6.9, respectively). Adults and nauplii were able to achieve respective DHA contents of around 8 and 4 mg g −1 DW. Samples of original stock P. annandalei adults revealed a relative DHA abundance of 9.5% of total measured FAs. The FA C18:3n−3 saw a downward trend between microalgal feed, adult copepods and nauplii, with C18:3n−3 being significantly lower in relative abundance in nauplii. A significantly higher abundance of C22:1n−9 in the nauplii was also observed.
D I S C U S S I O N
The overall findings of the present study are that the calanoid copepods P. annandalei was able to grow on a mono-diet of a DHA lacking microalgae while still managing to achieve a FA profile including DHA contents. Although higher daily carbon specific growth rates have been observed elsewhere for P. annandalei when fed a mixed algae diet at higher temperatures , the growth rate observed in the present study was sufficient for the newly spawned nauplii to mature into adults in just 7 days. While growth of some pelagic calanoids is affected adversely by DHA poor diets (Støttrup and Jensen, 1990) , a monoculture of a DHA poor feed did apparently not affect the ability for P. annandalei to be cultured successfully nor hinder a high growth rate. As mentioned earlier, adults and nauplii were able to achieve respective DHA contents of around 8 and 4 mg g −1 DW, which in some instances is comparable to that of oil emulsion enriched rotifers and Artemia (Shields et al., 1999; Payne et al., 2001; Van der Meeren et al., 2008) ; however, contents of DHA enrichment are dependent largely on the duration between enrichment and feeding to the fish larvae, as rotifers and Artemia tend to lose most of their HUFA enrichment within a time span of 24 h (Hoff, 1996 . Since our experiment was conducted for seven days (one generation), P. annandalei FA samples were also collected from the stock cultures, as they were fed T. chuii for months. The relative abundance of DHA observed in the stock P. annandalei was 9.5% of measured FAs, indicating that higher DHA levels may be achieved over a prolonged culturing period, an observation that may interest aquaculturists. The FA C22:1n−9 saw a significantly higher abundance in nauplii than in adults, which reflects what has already been observed in wild P. annandalei nauplii . The reason why C22:1n−9 has a higher abundance in P. annandalei nauplii has yet to be established; however, further metabolism of C16:0 is not uncommon in calanoids (Dalsgaard et al., 2003) . The decreasing trend seen for FA C18:3n−3 between the microalgal feed and P. annandalei points toward possible elongation of this particular FA. The abundances of EDE, ETE and DHA being well represented in P. annandalei is likely a result of metabolic activities similar to that of the calanoid Paracalanus parvus (Moreno et al., 1979) , where synthesis of these FAs in trace abundances was reported over a time span of 5 h. It was argued that P. parvus share the FA metabolic characteristics of that of mammals that are known to elongate C18:2n−6 and C18:3n−3 to other longer chained FAs. Observations in the present study strongly indicate that P. annandalei could share such metabolic characteristics (Fig. 3) . The significant abundance of EDE and ETE could indicate the presence of the Elovl5 (elongation of very long-chain FAs protein 5) enzyme within the copepods, which can also be found in rat and even human Fig. 3 . Chain elongation and desaturation pathways for n−6 and n−3 fatty acids. Solid arrows follow pathways indicated by the present fatty acid profile in the calanoid copepod Pseudodiaptomus annandalei whereas dashed arrows follow pathways described in the literature not indicated by fatty acid observations. Fatty acids marked with letters a (adults) and n (nauplii) describe fatty acids with significantly different relative abundances from that of the algal feed. The significant abundance of EDE and ETE could indicate the presence of the Elovl5 (elongation of very long-chain fatty acids protein 5) enzyme. Further Δ4, Δ5, Δ6 and Δ8 desaturation along with Elovl2 and Elovl5 elongation enzymes could result in C22:6n−3 (DHA) synthesis. β, β-oxidation.
tissue (Jakobsson et al., 2006) . Further Elovl2 and Elovl5 elongation and Δ4, Δ5, Δ6 and Δ8 desaturation could explain the significant DHA abundances observed in the copepods. The overall content of DHA demonstrated in the present study does suggest that calanoids that are found in detritus dominated environments may adapt to poor food environments. Forcing some copepod species into HUFA poor diets may stimulate the upregulation of the organism's pathways to increase the capability of elongation and desaturation metabolism of FAs over generations. Ultimately, the phenomenon observed in P. annandalei contradicts the prevailing consideration reported in the literature (Dalsgaard et al., 2003; Monroig et al., 2013) , and can be of significance for mass cultivation of live feed in extensive production systems while avoiding the use for fish oil enrichment.
C O N C L U S I O N
The use of fish-oil products for enrichment of rotifers and Artemia contributes to the unsustainability of aquaculture and does not necessarily provide good nutrition for fish larvae in spite of their common use. Although copepods are mostly neglected at fish hatcheries, the calanoid P. annandalei is easily cultured and is seeing limited use in Asia. This study suggests that this copepod can enhance its HUFA profile even when fed a HUFA poor diet. This capability may help P. annandalei cope with poor food environments by enhancing the FAs needed for growth. In aquaculture, this species will guarantee contents of vital DHA even when DHA is absent in the feed, making live feed enrichment irrelevant when this organism is applied.
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